''Polyamine patterns in plasma of patients with systemic lupus erythematosus and fever'' by Kim et al. provides insight into possible involvement of polyamines in systemic lupus erythematosus (SLE). The authors report decreases in N1-acetylspermidine, spermidine, spermine, and N1-acetylcadaverine and increased cadaverine in SLE. Polyamine involvement in many cellular processes and their unique characteristics (high charge, length, flexibility, and ubiquity) give polyamines importance in health and disease. In this editorial, I describe a scenario, the ''X chromosome-nucleolus nexus'' hypothesis, in which polyamines could initially rise because of cellular stress. This rise in polyamines increases nucleolar size and activity. Polyamines are critical in the nucleolar assembly of ribonucleoprotein complexes, such as ribosomes. However, the expanding nucleolus could disrupt a neighboring inactive X chromosome (Barr body). This disruption opens additional polyamine genes that alter polyamine levels and types through wasteful synthesis and recycling of polyamines. This could include a decrease in the key polyamines spermidine and spermine, which are critical to nucleolar functioning. And this can decrease S-adenosylmethionine needed for cellular methylation leading to hypomethylation seen in SLE. As a result, the nucleolus can no longer respond properly to future stresses. With altered polyamine levels and types in the nucleolus, many RNA transcripts, proteins, and ribonucleoprotein complexes assembled in the nucleolus may be trapped in autoantigenic conformations. Many of the major autoantigens in SLE are, at least transiently, components of the nucleolus. Therefore, the observations of decreased polyamines reported by Kim et al. could be important in the formation of autoantigens. Lupus (2018) 27, 877-879.
''Polyamine patterns in plasma of patients with systemic lupus erythematosus and fever'' by Kim, et al. provides insight into the possible involvement of polyamines in systemic lupus erythematosus (SLE). 1 The authors report decreases in N1-acetylspermidine, spermidine, spermine, and N1-acetylcadaverine and increased cadaverine in SLE. Polyamine involvement in many cellular processes and their unique characteristics (high charge, length, flexibility, and ubiquity) give polyamines importance in health and disease. Whether polyamines are increased, decreased or unchanged in SLE is a lingering question. We can describe a scenario with both increase and decrease if we view it as progression based on stress and epigenetic dysfunction.
Polyamines (primarily spermidine and spermine) are suspected of importance in autoimmune diseases since they compete with cellular methylation for S-adenosylmethionine (SAM), the cell's methyl donor. Increased polyamine synthesis could reduce SAM, leading to abnormal methylation seen in SLE. Previous reports have supported a possible relation of polyamines with SLE. First, autoantibodies targeting Z-DNA are seen in SLE. 2 Spermine at physiological concentrations can stabilize Z-DNA. 3 Increased spermine could stabilize transient Z-DNA which, with extracellular exposure, could provoke an autoimmune reaction. Second, autoantibodies in SLE show increased binding when spermine is present, suggesting involvement of spermine in the initial provocation of an immune response. 4 Third, difluoromethylornithine, an inhibitor of the initial enzyme of polyamine synthesis, ornithine decarboxylase (ODC), can suppress SLE symptoms in SLE murine models. 5 Fourth, higher polyamine levels have been reported in the urine of young SLE patients. 6 Fifth, EpsteinBarr virus (EBV) has been associated with autoimmune diseases and, upon activation in a host cell, EBV induces increased c-Myc activity. 7 This increases activity of polyamine enzymes ODC, spermidine synthase (SDS), and spermine synthase (SMS). [8] [9] [10] Sixth, global hypomethylation is observed in some cells of SLE patients and polyamine synthesis competes with methylation for SAM. SAM decarboxylase (AMD), involved in polyamine synthesis, converts SAM to decarboxylated SAM (dcSAM), thereby affecting methylation. Cellular methylation cannot use dcSAM as a methyl donor.
On the other hand, the report by Kim and colleagues describes decreased polyamine levels in SLE. 1 Pietila¨and colleagues created transgenic mice that overexpressed spermidine/spermine N1 acetyltransferase (SAT1), an enzyme involved in polyamine recycling that can reduce spermidine and spermine. 11 They reported hair loss in these mice, which is a symptom seen in SLE. In addition, I was interested in two polyamine genes on the X chromosome at Xp22.1: SMS, involved in polyamine synthesis, and SAT1, involved in polyamine recycling. SMS and SAT1 are epigenetically silenced on the inactive X chromosome (Xi), a.k.a. the Barr body. 12 I proposed that autoimmune diseases could involve reactivation of SMS and/or SAT1, which could lead to an imbalance in polyamines and wasteful cycling through polyamine synthesis and recycling that decreases SAM levels. 13, 14 This reactivation of Xi genes fits well with the female bias of SLE. Subsequently, Karouzakis and colleagues, who had previously reported hypomethylation in synovial fibroblasts, reported decreased SAM and increased polyamine recycling by SAT1 in synovial fibroblasts in RA. 15, 16 They also reported increased putrescine, which could stimulate AMD conversion of SAM to dcSAM. As SAM levels decrease, polyamine synthesis would slow but recycling by SAT1 would shift polyamine levels and types to lower forms such as acetylated polyamines, putrescine, and even acrolein.
This raises the question: What extraordinary event could disrupt the Xi enough for reactivation of X-linked genes? And how does this lead to generation of autoantigens in SLE? Do polyamines increase, decrease or remain the same in SLE?
The ''X chromosome-nucleolus nexus'' hypothesis provides a possible explanation for how the Xi could be disrupted. 17, 18 The Xi is typically located at the nuclear membrane. With this peripheral location and the need for extensive methylation to maintain its inactivation, the Xi is the last chromosome to complete replication and repackaging in late S phase or even early Gap 2 and therefore is vulnerable to disruption, especially when SAM is low. In addition, in one-third of cells throughout the cell cycle (except mitosis) and 90% of cells in S phase, the Xi is located next to a nucleolus. 19 The nucleolus is very dynamic in size, activities, and contents. Primarily its purpose is folding RNA transcripts and assembling ribonucleoprotein complexes (RNPs) such as ribosome subunits, spliceosome subunits, and transfer RNAs. Polyamines, which are at their highest concentrations in the nucleolus, are heavily involved in folding and assembly of RNPs in the nucleolus since they are excellent counter ions. In fact, the size of the nucleolus increases directly in correlation with increases in polyamine levels. An event that causes cellular stress, such as EBV activation, could cause a rapid increase in polyamines and expansion of the nucleolus to such an extent that it engulfs some or all of a neighboring Xi. Viruses need increased nucleolar activity to process viral RNAs and RNPs and to create more ribosomes to translate viral proteins. Therefore, viruses induce increased polyamine synthesis to stimulate a nucleolar stress response. Disruption of the neighboring Xi, by nucleolar expansion and/or reduced SAM, could allow reactivation of SMS and/or SAT1, which further increases polyamines (SMS), and alter the types of polyamines (SAT1) to acetylated forms and lower forms (e.g. spermidine to putrescine). Subsequent activity of the nucleolus could be dysfunctional in RNA folding and RNP assembly due to changes in polyamine levels and types. Now in the nucleolus there may be improperly folded RNAs and proteins and incompletely assembled RNPs or incorporation of viral components. Abnormal polyamine types and/or lowered levels of spermidine and spermine from SAT1 overactivity could trap endogenous RNAs and RNPs in abnormal or transient conformations that are now stabilized by various polyamine types besides the usual spermidine or spermine. If we look at an old list of autoantigens in SLE when primarily only the major autoantigens were known, we see chromatin-related components, DNA, and histones, but we also see that most of the other autoantigens are, at least transiently, components of the nucleolus. 20 Sm epitopes are part of spliceosome subunits assembled in the nucleolus. Ribosome subunits are also assembled in the nucleolus. SSA/Ro and SSB/La are RNA chaperones that are found in the nucleolus. Nucleolin, which binds intronic Alu elements in RNA pol II transcripts to maintain nucleolar integrity, 21 is an autoantigen in 50% of SLE patients and nucleolin comprises 10% of the nucleolar proteome. 22 These items could arise as autoantigens because of stabilization of abnormal or transient conformations or associations producing complexes not normally encountered in abundance by the immune system. Subsequent epitope spreading could induce a variety of autoantibodies that target more abundant properly folded and assembled RNA, protein, or RNPs.
Thus the ''X chromosome-nucleolus nexus'' hypothesis is one possible explanation for the changes in polyamines seen in SLE. Cellular stress causes increased polyamines that increase the size and activity of the nucleolus, which disrupts the Xi. Then SMS and SAT1 on the disrupted Xi alter polyamine and SAM levels. The altered polyamine types and levels can no longer support proper nucleolar functions (stress response and RNP assembly). In addition, the ''X chromosome-nucleolus nexus'' hypothesis describes another route for nucleolar dysfunction following Xi disruption. A large cluster of Alu elements in the disrupted Xi's pseudoautosomal region 1 could be opened and transcribed and flood the nucleolus. 18 These RNA pol III Alu transcripts could disrupt RNA pol II intronic Alu elements associated with nucleolin, as reported by CaudronHerger et al. 21 This can lead to nucleolar fragmentation trapping RNAs and RNPs in abnormal states, such as improper folding or incomplete complexes, which provoke the immune system. Finally, observation of increased cadaverine in SLE is very interesting. It could arise from bacterial lysine decarboxylase activity or from ODC decarboxylation of lysine due to ODC activity allosterically enhanced by putrescine. We look forward to further reports from Kim and colleagues as they continue this promising area of research.
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